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1.0 INTRODUCTION

For more than a decade, it has been recognized
that ground-based harvesting systems disturb
forest soils. Compaction and rutting of soils may
ultimately affect tree sur vival and growth
through increased soil density, decreased rooting
volume, and reduced soil aeration and water
permeability (Heilman 1981; Minore et. al 1969).
These effects on tree growth, which may persist
for several decades (Hatchell et al. 1970, Butt
1987, Miller et al. 1996), may lead to short- and
long-term reductions in tree growth and forest
productivity. The level of soil disturbance will
vary with soil texture, forest floor thickness, and
soil water content at time of harvest (Miller and
Sirois 1986, Corns 1988). In addition, machine
type, size and operating practices will directly
influence the level of disturbance. Concerns
about soil disturbance levels from ground-based
harvesting systems led to the development of
the “Site Degradation Guidelines for the
Vancouver Forest Region” (BC Ministry of
Forests 1991).
L ong-ter m data from properly designed
experiments, which could be used to validate soil
disturbance guidelines, were lacking at that time.
Early attempts had been made to assess longerterm effects on tree produ ctivity throu gh
retrospective studies on previously logged sites
(Thompson 1989, 1990; Douglas and Schwab
1991). Data from such studies were difficult to
interpret, due to lack of proper experimental

design, limited knowledge of site conditions at the
time of harvest, and, typically, insu fficient
numbers of sample trees (Douglas and Schwab
1991). Proper assessment of site conditions and
treatments at the time of harvesting, and in
subsequent years, is essential.
Hoe-forwarding was introduced to coastal BC in
the late 1980s for use on gently sloping terrain.
The system was expected to reduce soil disturbance
in comparison to ground-based skidders and
bulldozer logging systems by reducing ground
pressure, particularly when puncheon (logs and
debris placed under the tracks of the machine)
was used. However, the level of soil disturbance
and the actual effects of the hoe-forwarding
harvesting system on site productivity were
unknown at the time.
Two benchmark studies were therefore established
on Vancouver Island in the early 1990s to record
levels of soil disturbance created by this machine,
and to measure tree growth over the longer term
as an indication of site productivity. The first trial
was established near Holberg on northern
Vancouver Island to examine responses of western
hemlock in the CWHvh1 biogeoclimatic variant.
The second trial was established near Woss in the
CWHmm1 variant to examine responses of
coastal Douglas-fir. Periodic results from these two
trials have provided site-specific growth response
data in relation to varying levels of soil
disturbance. Fifteen-year results from the first trial,
established near Holberg, are reported here.
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2.0 METHODS
2.1 STUDY SITE

The study site at Stranby River is representative of the 04 site
series within the CWHvh1 biogeoclimatic variant (Green and
Klinka 1994). The trial is situated on a relatively flat fluvial
terrace with imperfectly to moderately well-drained silt loam
Orthic Humo-Ferric Podzol soils. The top 60 cm of mineral
soil consists of 25 to 35% pebble-sized coarse fragments,
grading to a loamy sand texture below 60 cm with larger cobblesized coarse fragments ranging from 50 to 60%. Forest floor
depth averaged 43 cm at the time of treatment.
The site was initially logged in 1989, removing a stand of
western hemlock (Tsuga heter ophylla) and amabilis fir (Abies
amabilis). Major understory species included salal (Gaultheria
shallon), Alaskan blueberry (Vaccinium alaskaense), red
hu ckleberr y (Vaccinium o v alifo lium), and salmonber ry
(Rubus spectabilis).
2.2 EXPERIMENTAL DESIGN
Three treatment blocks were established in an area that prior
to harvesting had featured two stand types consisting of varying
proportions and age-class distributions of western hemlock and
amabilis fir. Depth of forest floor, understory vegetation, and
slash loading were variable between the forest types. Two of
the blocks (1 and 3) were established on areas where older
western hemlock and amabilis fir stands had been harvested.
These stands may have been transitioning towards the CH phase
(Lewis 1982). The third block (2) was established in an area
where a more even-aged western hemlock/amabilis fir stand
had developed following a major windstorm in 1906. This area
was representative of the HA phase as described by Lewis
(1982). Downed wood was extensive across the area.

Within each block, four 50 m treatment lines were laid out in
areas where the ground was undisturbed by previous logging.
Each treatment line was randomly assigned a treatment of nopass (control), one-pass, two-passes or four-passes by the hoeforwarder for a total of 12 treatment lines across the study
area. The machine used was a John Deere 992D hoe-forwarder
weighing approximately 57,000 kg with a nominal ground
pressure of 9.54 psi. Logging was simulated by swinging an 11
m western hemlock log weighing 8,000 kg, five to seven times
every 5 m along the trails. The site was trafficked in mid-August
under moist soil conditions, and protective puncheon (logs,
branches and slash) was used under the tracks of the hoeforwarder at all times.
Soil properties for each treatment line were assessed prior to
and immediately following trafficking by the hoe-forwarder.
Soil texture, forest floor depth, and soil moisture content at
the time of trafficking were determined. Mineral soil bulk density
was only assessed on the control and four-pass treatment. Soil
disturbance was assessed using a similar methodology to Curran
and Thompson (1991), with modifications for puncheon
impressions and deposits. Results of the disturbance assessment
are reported in Douglas and Courtin (2001).
The site was planted with western hemlock seedlings in the
spring of 1992. On each treatment line, 25 seedlings were
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assigned for planting within the tracks (“track”), between the
tracks (“between-track”) and along the outside of the track
(“flank”). One row of 25 seedlings was also assigned to each
untrafficked control treatment for a target of 750 seedlings
across the site. In the end, due to site and planting constraints,
a total of 737 seedlings were planted.
Measurements of total seedling height and root collar diameter
were collected at planting and at the end of the third, fifth, and
ninth growing seasons. By Year 15, diameter measurements
were collected at breast height (DBH; 1.3 m) for the larger
trees; root collar diameter was measured for trees less than 1.3 m
tall. Tree survival was also assessed at each measurement period.
Cumulative growth increments were determined as the
difference between height or diameter measured at planting
and later measurement dates. By Year 15, differences in diameter
increment were no longer comparable due to a number of
trees less than 1.3 m across the treatments. Therefore, treatment
differences in volume increment were also assessed. A volume
equation developed by Kovats (1977) includes a correction
factor to account for differences in diameter measurement
position. Equations were developed for coastal Douglas-fir,
interior lodgepole pine, and interior spruce, but not for western
hemlock. Over the range of tree sizes in this study, predicted
volumes were identical for the three species. Consequently, we
used the coastal Douglas-fir equation as shown below:
V=a*D b*Hc*e ((h/H)* d)
Where V = volume in cm3
D = diameter at measurement height h in cm
H = total height in cm
h = distance from point of germination to point of diameter
measurement in cm
a = 0.03548
b = 1.70435
c = 1.38551
d = 2.30499
e = base of natural logarithms
Foliar samples were collected from each treatment line and
track position after five and 15 growing seasons. In Year 15,
one composite sample consisting of five samples per treatment
line and track position (one-pass track, two-pass between-track,
four-pass flank, etc.) was collected from each trafficked line.
Samples were confined to current-year first-order (terminal)
shoots and were collected from the upper third of the crown.
On the largest trees, samples were collected at approximately
4.8 m (maximum height of the pruning pole). Severely stressed
and dying trees were not sampled.
Samples were stored under refrigeration until processed.
Because shoot (and tree) sizes w ere obser ved to vary
substantially within treatments by track position, samples from
individual trees were kept separate, oven-dried at 70 o C for 48
hours, then weighed. Compositing of samples within a
treatment/track position combination was based on needle mass
within a sample; i.e., samples with lesser needle mass were kept
separate for analysis from those with greater needle mass. This
was done to determine if needle mass per shoot varied with
elemental concentrations.
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Samples were analyzed for foliar N, P, K, Ca, Mg, Al, S, Cu,
Zn, Fe, Mn,
Mn, B, and
and SO
SO44-S at the Ministry of Forests and Range
analytical laboratory. Total N and S were determined by microDumas combustion using an automated NCS analyzer. For other
elements, samples were digested in a microwave digestor with
a mixture of 30% H2O2 and concentrated HCl and HNO3
(Kalra and Maynard 1991), then analyzed by inductively-coupled
argon plasma emission spectrometry (ICAP).
2.3 DATA ANALYSIS

This experiment is a randomized-block split plot design where the
treatments (control, one, two and four passes with the hoeforwarder) are the main plot factors, and positions along the track
(track, between-track and flank) are split plot factors. The four
treatments were randomly allocated to each of the three blocks.
In order to make comparisons between the control (with no
matched group at the split plot level) and whole plot factors, the
analysis was carried out using an incomplete block design to test
for differences between the control and treatments levels.
The analysis of variance was carried out using the proc mixed
procedure with SAS® statistical software, using the block x
treatment interaction as the error term. To test for significant
differences in treatment means, multiple comparison tests were
carried out using a Bonferroni adjustment to ensure the overall
Type I error for all treatment comparisons was less than or
equal to 0.05. If the overall treatment p-value was not significant
(p-value > 0.05), no comparison of treatment means was tested.
Treatment mean needle masses and elemental concentrations
were analyzed by analysis of variance using JMP statistical
software (SAS Institute). Relationships between needle mass
and elemental concentration were further analyzed by
correlation (Pearson correlation coefficient) analysis.
3.0 RESULTS AND DISCUSSION
3.1 FIFTEEN-YEAR TREE SURVIVAL

Survival appeared best on the control in Blocks 1 and 3 at 15
years (Table 1) and only minimal losses (1 to 2%) were noted

on the two- and four-pass between-track treatments. By contrast,
additional mortality occurred on Block 2 between nine and 15
years, particularly on the one- and four-pass treatments (Table
1). No additional mortality was noted on the control of Block 2.
Damage from Roosevelt elk (Cer vus canadensis r o osevelt i)
contributed to mortality during the first 15 years. Damage
included bark stripping, girdling of trees, and/or crown breakage
leading to re-growth of multiple leaders and poor stem form.
Trails created by the hoe-forwarder offered easy access for
these animals. Therefore, most damage occur red on
measurement trees adjacent to or along the tracks. Trees on
Block 2, where salal invasion was minimal, were most vulnerable
to elk damage. However, damage by these animals did not
appear to affect overall treatment differences.
Additional mortality to Year 15 may also have been caused by
root rot (Armillaria ostoyae). Characteristic signs of resinosis at
the stem base and fungal fans under the bark identified this
disease at Year 5 (Stephan Zeglan, pers. comm., February 1996).
In Year 5, this disease was found on the four-pass track
treatment of Block 2 and on most tracked treatments of Block
3. By Year 15, signs of resinosis were also noted in a few trees
on the four-pass track and between-track treatments of Block 1.
Although mortality through Year 15 was greatest on Block 2,
Blocks 1 and 3 contained a greater number of smaller trees
with poor vigour, which may contribute to future mortality.
Many of these smaller trees have been overtopped by
competing salal, and it is likely many will not survive or will
continue to be small, understory trees at rotation age.
3.2 FIFTEEN-YEAR HEIGHT INCREMENT

Diverging patterns in tree growth noted in Year 9 and attributed
to site differences between Block 2 and Blocks 1 and 3 were
even more pronounced by Year 15 (Figures 1 through 6). Blocks
1 and 3 continue to be transitional towards the CH phase (Lewis
1982) with abundant salal in the understory. Block 2 remains
more typical of the HA phase with more deer fern (Blechnum
spicant), salmonberry, and fireweed (Epilobium angustifolium) in

Table 1. Tree survival at 15 years.
Treatment

Track position

Blocks 1 & 3
FirstYear Survival Per cent
Survival
Year 15
loss by
Year 15
98
98
0

Block 2
Survival
Survival
Year 2 with
Year 15
replacements1
96
96

Per cent
loss by
Year 15
0

Control

Control

1-Pass

Track
Between track
Flank

92
94
96

92
94
96

0
0
0

64
80
96

64
68
80

0
12
16

2-Pass

Track
Between track
Flank

90
80
77

90
79
77

0
1
0

100
76
92

96
76
88

4
0
4

4-Pass

Track
Between track
Flank

90
80
86

90
78
86

0
2
0

88
76
80

76
72
72

12
4
8

1

Replacement trees were added to Block 2 in Year 2 due to extensive mortality in Year 1 from the conifer seedling
weevil (Steremnius carinatus). Replacements were non-measurement trees planted along the adjacent track.
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Figure 1. Two-pass treatment of Block 1 at 15 years.

Figure 2. Four-pass treatment of Block 1 at 15 years.

Figure 3. Control of Block 3 at 15 years.

Figure 4. Four-pass treatment of Block 3 at 15 years.

Figure 5. One-pass treatment of Block 2 at 15 years.

Figure 6. Control of Block 2 at 15 years.
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Figure 7. Cumulative height increment of western hemlock
through five, nine, and 15 years (Blocks 1 and 3 only).
Abbreviations: 0P, 1P, 2P, 4P = number of passes.

Figure 8. Cumulative height increment of western hemlock
through five, nine, and 15 years (Block 2). Abbreviations: 0P,
1P, 2P, 4P = number of passes.

the understory, although invasion by salal had occurred on some
areas of this block by Year 15. Therefore, we analyzed the 15year data for tree height and volume increment in Blocks 1
and 3 separately from those in Block 2. This limits statistical
inferences for data from Blocks 1 and 3 and prevents statistical
analysis of Block 2 data.

Block 2 were approximately 2.1, 2.8, and 1.9 m (+62, 88, and
34%) greater, respectively, than the one-, two-, and four-pass
treatments of Blocks 1 and 3.

In Blocks 1 and 3, height increment after 15 growing seasons
appeared greatest in the four-pass treatment, least in the control,
and intermediate in the one- and two-pass treatments (Figures
1-4, 7), although differences were not statistically significant.
Height increment in the four-pass treatment was approximately
3.3 m (154%) greater than the control, and approximately 2.0
and 2.3 m (56 and 70%) taller than in the one- and two-pass
treatments, respectively.
Differences in height increment between treatments seemed
to increase with time (Figure 7). The four-pass trees were 1 m
(+100%) taller than the control trees by Year 5, 1.9 m (120%)
taller in Year 9, and 3.3 m (154%) taller by Year 15.
In Block 2, the best height growth of trees at Year 15 was in
the control, followed by trees in the four-pass treatment (Figure
8). By Year 15, trees in the control were approximately 3.4,
3.1, and 1.8 m (60, 51, and 25%) taller than those in the one,
two-, and four-pass treatments, respectively (Figures 5 and 6).
Trees in the control of Block 2 also seemed to be increasing
relative to the one- and two-pass treatments over time (Figure
8). At Year 5, trees in the control were 0.6 and 0.5 m (36 and
22%) larger than those in the one- and two-pass treatments. By
Year 15, trees in the control were 3.4 m (60%) and 3.1 m
(51%) taller than the one- and two-pass treatments.
In general, height increment was greater in Block 2 than in
Blocks 1 and 3 (Figures 7 and 8). In the control, trees were
approximately 7.0 m taller (+323%) in Block 2 than in Blocks
1 and 3. Trees in the one-, two-, and four-pass treatments in

3.3 FIFTEEN-YEAR VOLUME INCREMENT

As with height increment, 15-year volume increment in Blocks
1 and 3 appeared greatest in the four-pass treatment, least in
the control, and intermediate in the one- and two-pass
treatments (Figures 1-4, 9), although, again, differences were
not statistically significant. Volume increment in the four-pass
treatment was approximately 18 dm3 tree-1 greater (883%) than
the control at Year 15, and 14 dm 3 tree-1 (230%) greater than
the one- and two-pass treatments.
Volume increment of the four-pass treatment seemed to increase
with time (Figure 9). In Year 9, the four-pass treatment was 5
dm 3 tree-1 (742%) greater than the control, but by Year 15,
trees on the four-pass treatment were 18 dm 3 tree-1 (883%) taller.
Contrary to Blocks 1 and 3, 15-year volume increment in Block
2 appeared greatest in the control (Figure 10). Control tree
volume increment was approximately 34, 46, and 47 dm 3 tree-1
(99, 200, and 213%) greater, respectively, than in the four-,
one-, and two-pass treatments.
Trees on the control appear to be increasing in volume
increment relative to the other treatments over time (Figure
10). Volume growth of control trees was 1 dm 3 tree-1 (90%)
greater than the one- and two-pass treatments in Year 5, 10
dm 3 tree-1 (132%) greater after nine years, and 47 dm3 tree-1
(213%) greater after 15 years.
As with height increment, volume increment generally appeared
greater in Block 2 than in Blocks 1 and 3 (Figures 9 and 10).
The beneficial effect of increased machine trafficking on Blocks
1 and 3, and the detrimental effect of increased trafficking on
Block 2, means that absolute differences between Block 2 and
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Figure 9. Cumulative volume increment of western hemlock
through five, nine, and 15 years (Blocks 1 and 3 only). Note
scale is different to that of Figure 10. Abbreviations: 0P, 1P, 2P,
4P = number of passes.

Figure 10. Cumulative volume increment of western hemlock
through five, nine, and 15 years (Block 2). Abbreviations: 0P, 1P,
2P, 4P = number of passes.

Blocks 1 and 3 were greatest in the control (+67 dm3 tree-1;
+3300%).

and tree growth, and higher concentrations in the larger Block
2 trees suggest that those elements may have been deficient on
this site.

3.4 FIFTEEN-YEAR FOLIARNUTRIENT CONCENTRATIONS

Fifteen-year foliar elemental concentrations generally did not
vary with the number of passes or with location relative to
equipment tracks (Table 2). However, concentrations of P and
Fe were greater in controls than in the one-, two-, or four-pass
treatments. P concentrations may have been greater on flanks
than between tracks. In contrast to growth data, apparent treatment
effects did not change when Block 2 data were excluded.
Across treatments, Block 2 trees appeared to have higher foliar
concentrations (compared with the smaller Block 1 and 3 trees)
of N (6.8 vs. 5.6 and 5.9 g kg-1), Fe (44 vs. 21 and 12 mg kg -1), Cu
(3.4 vs. 1.5 and 2.0 mg kg-1), and Zn (7.8 vs. 5.1 and 6.0 mg kg -1).
Current-year-shoot needle mass was positively correlated ( =
0.05, n=43) with concentrations of N, S, Fe, Cu, Zn (Table 3)
and Al (not shown), and negatively correlated with P (Table 3)
and K and B (data not shown). Current-year-shoot needle mass
was correlated with 15-year stem growth increment, as were
elemental concentrations (Table 3).
Critical foliar elemental concentrations for hemlock are not
well-known (Brown 2003). However, mean concentrations of
N were in the range considered very severely deficient, and
concentrations of Fe, Cu, and Zn were “probably-possibly
deficient”. Foliar P concentrations were at a level considered
moderately-severely deficient (Carter 1992). P deficiencies may
limit growth responses by hemlock to N additions even when
N is severely deficient (Brown 2003; Negrave et al. 2007).
Here, the negative correlation of growth with P concentrations
and the higher P concentrations in smaller control trees suggest
that P is not as deficient as is N. Conversely, the low
concentrations of Fe, Cu, and Zn, their correlations with shoot

4.0 SUMMARY AND CONCLUSIONS

Fifteen-year results for the Holberg study are confounded by
large within- and between-block variability, obscuring treatment
effects on this site through 15 growing seasons. Treatments on
Blocks 1 and 3, where salal competition is severe, differed
from those on Block 2, where salal competition is relatively
minor; hence, they were assessed separately. The lack of
replication limits statistical inferences about the different
treatments, but even so, some distinctions can be made.
Initially, we hypothesized that tree growth would decrease with
increasing intensity of treatment. This may well have occurred
on Block 2, where well-aerated mineral soil mounds created by
windthrow during a 1906 windstorm, and considered favourable
growing sites within the hypermaritime, were compressed during
the trafficking. On this block, mean tree growth on the
untrafficked control plot was considerably greater than on
trafficked plots (both height and volume, but not statistically
significant), although growth was not least on the most heavily
trafficked (four-pass) treatment. The lack of salal on Block 2,
both at the time of treatment and subsequently, appears to have
allowed soil impacts to be more clearly expressed over time.
In contrast, tree growth on Blocks 1 and 3 increased with
intensity of treatment, with the greatest growth occurring on
the four-pass treatment. Blocks 1 and 3 contain abundant salal,
and control trees are severely N-deficient. Greater disturbance
(four passes with the hoe-forwarder) has clearly hampered the
competing salal, allowing the trees to establish and more
successfully compete for nutrients, particularly N. Once
established, these trees appear to have the ability to access
nutrients even though competing salal has firmly re-established
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Table 2. Current-year-shoot needle mass and foliar nutrient concentrations of hemlock in relation to number of equipment
passes (Pass) and location (Loc) relative to equipment tracks at Year 15. Abbreviations: C=control, B=between-track, T=track,
F=flank. Contrast P values are shown if P <0.10.
Pass
0
1

2

4

0
1

2

4

Mass(g)
LM
0.46
0.32
0.47
0.44
0.33
0.37
0.37
0.53
0.50
0.60
0.529

Loc
C
B
T
F
B
T
F
B
T
F
P , Pass
0 vs 1,2,4 passes
P, Loc
0.295

C
B
T
F
B
T
F
B
T
F
P, Pass
0 vs 1,2,4 passes
P, Loc

N
6.5
6.0
5.7
6.2
5.7
5.8
5.4
6.2
6.0
6.5
0.438
0.563

Fe
50
23
17
19
16
16
17
18
15
19
0.152
0.034
0.277

Concentration (g kg-1)
P
K
Ca
1.5
6.3
2.1
1.1
6.1
2.3
1.2
5.7
2.3
1.3
6.0
2.4
1.2
5.7
2.4
1.2
6.0
2.2
1.2
5.9
2.3
1.1
5.7
2.1
1.1
5.8
2.2
1.2
5.6
2.0
0.063
0.289
0.163
0.015
0.075
0.042
0.951
0.766

B
32
35
34
37
38
35
33
32
30
32
0.357
0.462

0.154

S
0.9
0.8
0.8
0.8
0.7
0.8
0.8
0.8
0.8
0.8
0.129
0.091
0.349

Concentration (mg kg-1)
Cu
Mn
Zn
3
1583
8
1
1673
6
3
1550
5
2
1592
6
2
1822
5
2
1809
6
2
1738
6
4
1475
6
1
1544
6
2
1434
5
0.786
0.212
0.662

Al
323
430
375
363
369
382
357
340
373
359
0.621

0.737

0.694

Mg
1.3
1.3
1.2
1.3
1.4
1.3
1.2
1.3
1.2
1.3
0.944

0.786

0.546

Table 3. Correlations between stem growth increment through 15 years (Htincr15, V incr15) and current-year-shoot needle mass
(LM) and selected elemental concentrations. All correlation coefficients shown except for P vs Htincr15 and P vs V incr15 are
significant at α=0.05 (n=43).
LM
N
P
S
Fe
Cu
Zn
LM
—0.68
-0.33
0.67
0.41
0.46
0.51
Htincr15
0.53
0.71
-0.31
0.37
0.44
0.46
0.49
Vincr15
0.46
0.70
-0.15
0.35
0.60
0.46
0.61

on the site.
It was also apparent that trees growing on lower intensity
treatments of Blocks 1 and 3 (one and two passes with the
hoe-forwarder) did not achieve the same level of early
establishment. Tree growth on these treatments was consistently
poorer than the four-pass treatment over the first 15 years,
and it is unlikely these trees will surpass those growing on the
four-pass treatment in the near future.
It is possible that on similar sites with thick forest floors and
abundant salal, a reduction in the use of puncheon where fewer
passes with the hoe-forwarding machine are required, may
provide similar beneficial effects of controlling competing salal
that would be well in excess of any negative effects of soil
disturbance. However, it is important to ensure that the level
of disturbance does not reach the point where gains from
reduced competition would be negated by adverse impacts on

soil physical properties. This would likely be indicated by
relatively deep and continuous rutting into and puddling of the
mineral soil, where the machine tracks have completely broken
through protective forest floor layers.
Soil disturbance results for this site were obtained only for the
tracked areas of the treatment, since the intent was to determine
the effects of specific disturbances. This approach does not
consider the allowable limits for soil disturbance across a specific
area or cutblock defined by the previous Forest Practices Code
or now allowable under the Forest Range and Practices Act.
Results of a survey by Thompson (1997) showed that eight
hoe-forwarding sites surveyed using Forest Practices Code
procedures were all compliant and within the allowable five
per cent detrimental disturbance limit set out by the Ministry
of Forests at that time.
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